A novel strategy for the preparation of protein-decorated gold nanoparticles (Au NPs) was developed inside Escherichia coli cells, where an artificial oxidoreductase, composed of antibody-binding protein (pG), Bacillus stearothermophilus glycerol dehydrogenase (BsGLD) and a peptide tag with gold-binding affinity (H6C), was overexpressed in the cytoplasm. In situ formation of Au NPs was promoted by a natural electron-donating cofactor, nicotinamide adenine dinucleotide (NAD), which was regenerated to the reduced form of NADH by the catalytic activity of the fusion protein (pG-BsGLD-H6C) overexpressed in the cytoplasm of E. coli, with the concomitant addition of exogenous glycerol to the reaction system. The fusion protein was self-immobilized on Au NPs inside the E. coli cells, which was confirmed by SDS-PAGE and western blotting analyses of the resultant Au NPs. Finally, the IgG binding ability of the pG moiety displayed on Au NPs was evaluated by an enzyme-linked immunosorbent assay.
Introduction
Metal nanoparticles (NPs) exhibit unique optical, electronic and magnetic properties, which depend on their composition, size and structure. These unique properties make them useful for a number of potential applications in a range of fields. 1, 2 In particular, gold (Au) NPs have been extensively studied in the field of biotechnology because of their chemical stability, biocompatibility and unique optical and electronic features. 3, 4 In general, for biotechnological applications, Au NPs have been modified with various biological and synthetic molecules, such as proteins, 5 DNA 6,7 and polyethylene glycol. 8, 9 These biomolecule-Au NP conjugates have applications in the areas of drug delivery, 10 biosensing 11, 12 and bioimaging. 13 Among these materials, protein-decorated Au NPs are of great importance because they can confer colloidal stability and bioactivity to Au NPs. 14, 15 Au NPs can be synthesized by the chemical reduction of gold ions in the presence of a surface-capping ligand. 16 The capping ligand provides particle stabilization and an opportunity for surface modification. 17 Although conventional chemical methods are useful for the preparation of colloidal Au NPs, their harsh reducing conditions are not generally compatible with biological entities. 18, 19 Additionally, the organic solvents employed for the surface modification of Au NPs may not be tolerated by biomolecules. Consequently, the use of biological systems to synthesize Au NPs has attracted attention, because this approach offers a protein-friendly and environmentally benign route for Au NP formation.
In nature, some strains of microorganisms are able to produce various metal NPs intra-or extracellularly by the respiration process or a tolerance mechanism. [20] [21] [22] However, their cultivation often needs specific conditions, and thus limiting their wide spread adoption. Hence, a general host organism would be preferable. The synthesis and isolation of various metal NPs including Au NPs by recombinant Escherichia coli expressing phytochelatin and/or metallothionein was reported. 23 We demonstrated that an engineered E. coli harboring a glycerol dehydrogenase can prepare Au NPs, and the formation of Au NPs can be triggered by the addition of exogenous glycerol. 24 These reports clearly support the excellent capability of recombinant E. coli cells as tunable bioreactors for the synthesis of diverse NPs. However, the purification of Au NPs synthesized in vivo and the identification of proteins immobilized on Au NPs have not been demonstrated. Furthermore, to the best of our knowledge, the intracellular, simultaneous synthesis and decoration of Au NPs with functional proteins has not yet been achieved.
In our previous work, we developed a new biocatalytic system for the preparation of Au NPs decorated with a functional protein in a test tube. 25 The key biomolecule in this system was a fusion protein composed of three functional units from the Nto C-terminus, an antibody-binding protein (pG), Bacillus stearothermophilus glycerol dehydrogenase (BsGLD) and a peptide tag with gold-binding affinity (H6C). The fusion protein, pG-BsGLD-H6C, catalyzed the reduction of nicotinamide adenine dinucleotide (NAD) using glycerol as a substrate to promote the formation of the Au NPs. Simultaneously, the fusion protein was self-immobilized via the C-terminal H6C peptide tag onto the Au NPs, and the N-terminal pG was displayed as having antibody-binding capability. Herein, we explore the transfer of this in vitro system to inside the cells, namely in the cytoplasm of E. coli cells. As a proof-of-concept study, we describe the biocatalytic production, purification and characterization of Au NPs functionalized with active proteins by using recombinant E. coli cells as a bioreactor (Fig. 1) .
Experimental

Reagents and chemicals
The plasmid coding pG-BsGLD-H6C was prepared as described in our previous report. 25 A centrifugal filter unit for ultrafiltration (Amicon Ultra, 100 kDa MWCO) was purchased from Merck Millipore (Billerica, MA). For western blotting, polyvinylidene difluoride membranes were supplied from GE (Fairfield, CA). Mouse anti-His-tag IgG antibody was purchased from Medical and Biological Laboratories Co., Ltd. (Nagoya, Japan).
Rabbit anti-mouse IgG antibody labeled with horseradish peroxidase (HRP) was from Rockland Immunochemicals (Gilbertsville, PA). The ECL plus western blotting detection system was purchased from GE healthcare. For the enzyme-linked immunosorbent assay (ELISA), a 96-well Nunc Maxisorp flat-bottom plate was purchased from Nunc (Rochester, NY). Bovine serum albumin (BSA) and ovalbumin (OVA) were obtained from Wako Pure Chemical Industries (Osaka, Japan) and Sigma-Aldrich (St. Louis, MO), respectively. Rabbit anti-OVA IgG and HRP-labeled rabbit antiguinea pig IgG antibody were from Sigma-Aldrich (St. Louis, MO) and Life Technologies (Carlsbad, CA), respectively. Tetramethylbenzidine liquid substrate supersensitive for ELISA was obtained from Sigma-Aldrich. Nicotinamide adenine dinucleotide oxidized form (NAD + ) was purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). All other reagents were commercially available and were of analytical grade.
Preparation of the recombinant E. coli harboring pG-BsGLD-H6C
Recombinant Escherichia coli BL21(DE3) harboring the plasmid vector pET22b(+) encoding pG-BsGLD-H6C was cultivated in 10 mL of LB medium supplemented with ampicillin (100 mg/L) in a shaking incubator at 37 C. The overnight culture was inoculated in 1 L of LB medium containing ampicillin (100 mg/L). The cells were grown at 37 C until to optical density (OD600) reached around 0.5 -0.6. Then, the pG-BsGLD-H6C was induced with 0.5 mM isopropyl-β-Dthiogalactopyranoside (IPTG) at 25 C for 16 h. After that, the cells were harvested by centrifugation at 5800g and 4 C for 10 min and washed three times with a washing buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.5). The expression of pG-BsGLD-H6C was confirmed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) using Coomassie brilliant blue (CBB) dye.
Synthesis and extraction of Au NPs
The washed cells were dispersed in a 50 mM glycine-NaOH buffer (pH 9.5) and diluted to an OD600 of 1.0. NAD + and glycerol were added to the suspension of cells. The final concentrations of these reagents were 400 μM and 10 mM, respectively. After the addition of AuCl4 -(0.25 mM), the reaction mixture was incubated at 37 C for 72 h.
After the synthesis of Au NPs by E. coli, the cells were harvested by centrifugation for 10 min at 5800g and 4 C and washed three times with a washing buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, pH 7.5). To extract the Au NPs produced in the cells, the washed cells were recollected by centrifugation for 10 min at 5800g and 4 C. The resuspended pellet in a 20-mL washing buffer was treated by three cycles of homogenization (sonication for 3 min and subsequent cooling for 1 min) on ice. After centrifugation for 10 min at 5800g and 4 C and for 5 min at 20400g and 4 C, the supernatant containing Au NPs was filtered with a 0.20-μm filter. For purifying the resulting Au NPs, the solution was centrifuged for 5 min at 5800g and 4 C using a centrifugal filter unit (Amicon Ultra, 100 kDa MWCO). The obtained suspended solution containing Au NPs was stored at -80 C until use.
Characterization of protein-decorated Au NPs
The spectral measurement of the Au NPs extracted from the E. coli cells was conducted by a UV-vis spectrophotometer (V-670, JASCO, Tokyo, Japan). For transmission electron microscopy (TEM) analysis, Au NP obtained samples were placed on a carbon-coated copper grid, and then dried under a vacuum. The TEM experiments were conducted with a JEM-2010 instrument (JOEL, Tokyo, Japan) at 120 kV. The average diameter of the Au NPs was calculated with ImageJ by measuring the diameters of 102 NPs.
The bound proteins on Au NPs were investigated by SDS-PAGE and western blotting. The protein-Au NPs solutions were centrifuged for 15 min at 20400g and 4 C and resuspended in a 10 mM aqueous solution of Tris-HCl (pH 7.4) to remove unbound proteins. This procedure was repeated three times. Then, the residue was dispersed in the same buffer and added to SDS 2 ×sample buffer (0.25 M Tris-HCl (pH 6.8), 4 wt% SDS, 20 wt% glycerol, 0.01 wt% bromophenol blue, and 12 wt% 2-mercaptethanol). For the denaturation and detachment of bound proteins, the supernatant was heated at 94 C for 15 min. The obtained solution was loaded on a 10 -20% SDS polyacrylamide gel. After electrophoresis, the bound proteins were detected by silver staining. For western blotting analysis, the separated proteins were transferred onto polyvinylidene difluoride membranes at 100 V for 1 h. After blocking at room temperature for 1 h in 1 ×phosphate buffer saline (PBS) containing 10% skim milk, the membrane was treated with a 1:5000 dilution of mouse anti-His-tag IgG as the primary antibody overnight at 4 C. This procedure was followed by incubation with HRP-labeled rabbit anti-mouse IgG antibody as the secondary antibody at room temperature for 1 h. His-tagged proteins captured by the antibodies were detected with the ECL plus western blotting detection system according to the manufacturer's protocol.
Evaluation of the functionality of pG-BsGLD-H6C-Au NPs by ELISA
The concentration of the protein-decorated Au NPs was measured by UV-Vis spectroscopy. The protein-Au NPs were then diluted to give the absorbance of λmax, SPR bond = 0.05 by PBS containing 2% BSA (pH 7.4), which acted as a blocking solution. The solutions were stored at 4 C until use.
Ninety-six-well polystyrene plates were covered with 100 μL/well of an aqueous solution of a model antigen (OVA) (1.0 mg/mL), and then incubated overnight at 4 C. The plates were washed five times for each well using PBST (0.1% Tween-20 in PBS), then covered with 200 μL/well of a blocking buffer (2% BSA in PBS) for 2 h at 37 C. Next, the plates were washed again with PBST, and incubated with 100 μL/well of a rabbit anti-OVA IgG (0.05 μg/mL) for 2 h at 37 C. After the plates were washed, 100 μL/well of the surface-blocked functional pG-BsGLD-H6C-Au NPs were added to each well, and the plates were incubated for 2 h at 37 C. After the plates were washed, 100 μL/well of an HRP-labeled rabbit anti-guinea pig IgG antibody (1.6 × 10 -2 μg/mL) was added, and the plates were incubated for 2 h at 37 C. After washing, 100 μL/well of a tetramethylbenzidine solution was added to each well and incubated for 30 min at 37 C. A total of 50 μL/well of 1.0 M HCl was added, and the end point optical density was measured at 450 nm using a microplate reader (Bio-Tek, Winnoski, VT).
Results and Discussion
Preparation of functional protein-Au NP conjugates by recombinant E. coli
We tested the potential of the BsGLD-mediated NADH regeneration system in Au NPs synthesis by using E. coli cells as a bioreactor. The recombinant E. coli BL21(DE3) cells harboring the plasmid encoding pG-BsGLD-H6C were cultured, and the expression of pG-BsGLD-H6C was induced by the addition of IPTG. We confirmed the expression of the fusion protein in the soluble fraction by SDS-PAGE (Fig. S1 in Supporting Information). The Au NPs synthesis was then conducted with the recombinant E. coli cells in which the pG-BsGLD-H6C was overexpressed. The cells (OD600 of 1.0.) were suspended in a 50 mM glycine-NaOH buffer (pH 9.5) containing AuCl4
-(0.25 mM) with or without the exogenous addition of NAD + (400 μM) and glycerol (10 mM), and incubated at 37 C for 72 h. Based on the UV-vis spectroscopic measurements, when both NAD + and glycerol were present did the suspension show a clear absorption maximum at 540 nm, derived from the surface plasmon resonance (SPR) band of the Au NPs (Fig. 2a) . This result indicates that the Au NPs formation was effectively promoted by NADH regeneration catalyzed by pG-BsGLD-H6C that is overexpressed in the E. coli cytoplasm. Note that the adsorption at 540 nm was also observed without the addition of NAD + , implying that the endogenous NAD + in the cytoplasm was employed for the Au NPs synthesis. 24 For further characterization, extraction of the prepared Au NPs from the E. coli cells was conducted. After synthesis of the Au NPs, the E. coli cells were disrupted, and the soluble fraction was filtrated through a 0.20-μm membrane. As a negative control, the same procedure was conducted using the host E. coli cells harboring the plasmid without IPTG induction. Figure 2b shows the UV-Vis spectra of the soluble fraction of the E. coli cells after the cell disruption. The soluble fraction of E. coli with IPTG induction showed a clear absorption maximum at 540 nm derived from the SPR band of the Au NPs. In contrast, the specific adsorption was not clearly observed from the cells without IPTG induction. These results indicated that the Au NPs synthesized by the recombinant E. coli cells were stable enough to retain aqueous dispersibility after the extraction procedures because of decoration of the Au NPs with biological entities in the cells, possibly with over-expressed pG-BsGLD-H6C protein.
Characterization of Au NPs using TEM
To validate the formation of the Au NPs inside the recombinant E. coli cells, the TEM analysis was performed for sample (i) in Fig. 2a . The TEM images of recombinant E. coli cells showed a number of black dots overlapping the bacterial host, suggesting the accumulation of Au NPs synthesized inside the cells (Figs. 3b and 3c) . Figure 3d shows the TEM image of the Au NPs after the disruption of the E. coli cells. From these images, it is likely that the Au NPs synthesized in the E. coli cells were well dispersed in the aqueous solution without observable aggregation. The average particle diameter from the TEM images was calculated to be 24 ± 17 nm (n = 102).
Characterization of proteins decorated on the Au NPs
Next, we explored the identification of the major proteins immobilized on Au NPs obtained by using SDS-PAGE and western blotting analyses. The extracted, aqueous solution of the Au NPs was centrifuged three times to remove unbound proteins. During the sample preparation for SDS-PAGE analysis, the proteins were detached from the Au NPs by thermal denaturation in the presence of mercaptoethanol, which displaces the proteins bound to the Au NPs via its thiol group. 26 We could obtain Au NPs without IPTG induction, although the accumulation of the Au NPs was markedly low (Fig. 2b) . We employed this IPTG-induction free sample as a negative control to highlight how an enrichment of the fusion protein in the cytoplasm affects the protein decoration on the Au NPs. As shown in lanes 1 and 2 in Fig. 4a , after removal of unbound proteins, a major protein band around 47.3 kDa (based on the protein markers) were observed after repeated centrifugation. Interestingly, the major protein remaining on the Au NPs is likely to be pG-BsGLD-H6C (theoretical molecular weight of 49.3 kDa). In contrast, unknown protein bands from the E. coli soluble fraction were observed in the negative control samples (lanes 6 to 10 in Fig. 4a) .
To further verify the results, we conducted western blotting analysis of the His-tag (His6) fused to the C-terminus of pG-BsGLD-H6C by probing with an anti-His-tag antibody. In the case of the protein-Au NP solutions prepared with IPTG induction (Fig. 4b) , we obtained clear bands corresponding to pG-BsGLD-H6C, implying that the His-Cys tag (H6C-tag) exhibited stronger binding affinity than the other endogenous proteins in the cytoplasm of the E. coli cells and actively participated to stabilize the Au NPs in aqueous solution. Although previous reports focused on the in vivo synthesis of metal NPs by microorganisms, [20] [21] [22] few have considered the identification of proteins decorating NPs that are synthesized in vivo. Hence, our findings provide important insights into the selective, controllable decoration of Au NPs with a functional protein in the cytoplasm of recombinant E. coli cells.
Evaluation of the functionality of pG-BsGLD-H6C-Au NPs by enzyme-linked immunosorbent assay (ELISA)
The functionality of protein-decorated Au NPs was investigated by ELISA based on the IgG binding ability of pG on the Au NPs.
The purified pG-BsGLD-H6C-Au NPs conjugates were used for the detection of OVA after blocking the ELISA plate surface with 2% BSA. A schematic illustration of the ELISA assay is shown in Fig. 5a . As a negative control, protein-decorated Au NPs obtained from recombinant E. coli cells without IPTG induction were used. As shown in Fig. 5b , the pG-BsGLD-H6C-Au NPs conjugates gave an intense signal in the presence of all components. The absence of any of the components in the ELISA system resulted in a minimum signal. In contrast, very little signal was observed for all of the negative control samples.
These results indicated that specific immobilization of IgG on the pG-BsGLD-H6C-Au NPs via the pG domain displayed on the Au NPs surfaces was achieved, suggesting the successful preparation of functional protein decorated Au NPs by recombinant E. coli-based production methodology.
Conclusions
We have designed and validated a new biocatalytic route for the preparation of Au NPs functionalized with proteins of interest in recombinant E. coli cells. The Au NPs formation was driven by the NADH regeneration, catalyzed by pGBsGLD-H6C, overexpressed in the cytoplasm of E. coli cells. The SDS-PAGE and western blotting analyses showed the selective decoration of pG-BsGLD-H6C on Au NPs from among the endogenous proteins in E. coli, resulting in good aqueous dispersibility. Finally, the functionality of the obtained Au NPs was validated by ELISA, confirming the practicality of the proposed system for the production of Au NPs functionalized with a variety of recombinant proteins produced in E. coli.
